Once the periodic properties of atoms were unveiled, chemical bonds could be understood in terms of the valence of atoms. Ideally, this rationale would extend to quantum dots [1] [2] [3] [4] [5] , and quantum computation would be performed by merely controlling electrons in the outer shell 6 . Imperfections in the semiconductor material, even at the atomic scale, disrupt this analogy between atoms and quantum dots, so that real devices seldom display such intelligible many-electron arrangement. We demonstrate here an electrostatic quantum dot that overcomes the hardships of disorder and reveals a well defined shell structure. We observe four shells (31 electrons) with multiplicities given by spin and valley degrees of freedom 3,4,7 . We explore various fillings consisting of a single valence electron -namely 1, 5, 13 and 25 electrons -as potential qubits. An integrated micromagnet allows us to perform electrically driven spin resonance (EDSR) 8,9 . Higher shell states are shown to be more susceptible to the driving field, leading to faster Rabi rotations of the qubit. We investigate the impact of orbital excitations of the p and d-shell electrons 10 on single qubits as a function of the dot deformation. This allows us to tune the dot excitation spectrum and exploit it for faster qubit control. Furthermore, hotspots arising from this tunable energy level structure provide a pathway towards fast spin initialisation.
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Qubit architectures based on electron spins in gate defined quantum dots benefit from controllability, where single and multi-qubit coherent operations realized solely with electrical and magnetic manipulation. Furthermore, their direct compatibility with silicon microelectronics fabrication offers unique scale-up opportunities 11 . However, fabrication reliability and interface disorder pose challenges for single electron quantum dots. Even if the single electron regime is achievable, the lone last electron often is confined in a very small region, limiting the capabilities of electrical control and interdot tunnel coupling. Many-electron quantum dots have been proposed as a qubit decades ago 12 , with the potential of resilience to charge noise 13, 14 and a more tunable tunnel coupling strength to other qubits 15 . In the multielectron regime, the operation of a quantum dot is sensitive to its shape. If it is axially symmetric, the orbital energy levels will be quasi-degenerate 16 , which is detrimental for quantum computing. On the contrary, if the quantum dot is very elongated, a shell structure will not form, and the valence electron will not merely operate as a single spin-1/2 system 12 .
The scanning electron microscope (SEM) image in Fig. 1a shows a device that forms a quantum dot at the Si/SiO 2 interface under gate G1, separated by a barrier from the reservoir set by gate G2 -see Fig. 1b for a cross-sectional representation. We first study the electronic structure of said dot from its charge stability diagram, using the technique from Ref. 17 , which maps out each electron transition between quantum dot and reservoir as a function of gate potential. Figure 1c shows an extremely regular set of electron transitions, revealing a quantum dot that can be occupied by up to 31 electrons with no charge trap transitions at the Si/SiO 2 interface. This range is slightly better than other devices based on similar technology 18 . Additional charge transitions in Fig. 1c (faint horizontal lines) arise from states between the reservoir and the quantum dot and does not affect the qubit operation. Lowering the voltage of gate G2 confines the quantum dot further and changes its eccentricity in the x-y plane.
The cut shown in Fig. 1c allows us to investigate the addition energies, i.e. the energy necessary to add the Nth electron to a dot that contains N -1 electrons, as seen in Fig. 1d . The first observable effect is that the charging energy is roughly inversely proportional to the number of electrons, which is a consequence of the dot size becoming larger as the dot fills up. Furthermore, very distinct peaks appear at transitions 4 → 5, 12 → 13, and 24 → 25. To understand the significance of these electron numbers, one may refer to the Fock-Darwin energy levels 19, 20 , where the internal spin (↑, ↓) and valley (v + , v − ) quantum numbers give the multiplicity of each orbital state 1 . As a result, a full shell is formed when Electron number, N Figure 1 |Device overview and electron occupancy measurement. a, False-coloured SEM image of a nominally identical device. A quantum dot is formed under G1 (red), where the red dot is located. Gate RES is connected to an n-doped reservoir to load/unload electrons to/from the quantum dot, with tunnel rates controlled by G2, G3 and G4. Gate CB serves as a confinement barrier. Cobalt acts as a micromagnet and electrode for EDSR control (green). b, Cross sectional schematic of the device fabricated on a purified silicon-28 epi-layer (800 ppm). c, Pulsed lock-in signal from SET sensor I pulse vs VG1 and VG2.
A square wave with peak-to-peak amplitude of 2 mV is applied to G1 for lock-in excitation, forming a charge stability diagram at B0 = 0 T. Dynamic compensation is applied to the SET sensor to maintain the readout sensitivity. Electron numbers N for full shells are written on the diagram. Note that the faint gradual charge transitions in the background correspond to non-uniform 2D electron gas at the reservoir and do not affect the experiment. d, Charging energies along the red line in (c) in the tightly confined regime, where dot-to-reservoir or interdot transitions do not affect the system. e, Magnetospectroscopy of the first 31 electrons occupied in the quantum dot, up to B0 = 5 T, with background colour of each plot representing spin state S at B0 = 0 T. Difference in energy between adjacent electron occupancies are measured and fitted with straight lines. Note that the plot number 1 is an estimated difference in energy between the first electron and a virtual spin up electron in the previous shell. Each row of the array of plots belongs to the same shell, while each column has the same number of valence electrons on its outershell. The cartoon on the left gives an example of the electron wavefunction at each shell. f, Spin state of each electron occupancy extracted from (e).
there are 4, 12 and 24 electrons in the 2D quantum dot. The addition energy of the subsequent electron is larger due to the next higher orbit being filled. This is analogous to the Aufbau principle of atomic physics, that allows us to construct the electronic structure of manyelectron atoms in terms of occupation of the atomic electron levels from bottom up. In addition, a finer structure at intermediate filling is present due to the valley splitting ∆ VS 21 , the energy difference between excitations along the major and minor axes of the elliptical quantum dot 22 ∆ xy and electronic quantum correlations 23 , dominated by the exchange coupling J. These energy scales are much smaller than the shell excitation, so that we can identify each set of levels by a principal quantum number. Each shell is spanned by the valley 3,4 , spin and azimuthal 10 quantum numbers. For this particular quantum dot, ∆ VS and ∆ xy may be estimated 3, 18 and both are of the order of hundreds of µeV, which is consistent with typical observations for quantum dots with similar designs 4 . Since both splittings are similar in magnitude, it is difficult to label the inner shell structure based solely on the addition energy diagram.
Magnetospectroscopy of the electron transitions (Fig. 1e ) reveals the spin dependency as a function of external magnetic field strength B 0 for each electron occupancy, with cumulative spin state S presented in Fig.  1f . At lower electron occupancies, S alternates between 0 and 1 2 , indicating that the sequential electron loading favours anti-parallel spin states, implying J ∆ xy , ∆ VS . As electron numbers increases, Hund's rule applies as some of the electrons are loaded as parallel spin, creating S = 1 or 3 2 states, indicating J > ∆ xy , ∆ VS in these cases. This inversion indicates that two interacting quantum dots at these fillings might lead to complex electronic states. Indeed, interdot negative exchange coupling at higher fillings has been observed in GaAs quantum dots 24 . We now examine the spins of monovalent dot ocupations as potential qubits, i.e., the first electron of each shell N =1, 5, 13 and 25, which we call s-, p-, d-and f-electrons, respectively, in reference to the electronic orbitals. To demonstrate single qubit control, we designed this device with the capability to perform electricallydriven spin resonance (EDSR). A cobalt micromagnet positioned near the device induces a magnetic field gradient. An external uniform magnetic field B 0 = 1.4 T provides a Zeeman splitting between spin states for spin to charge conversion readout 25 . This field also fully magnetises the cobalt 26 , leading to a field gradient of approximately 1 T/µm in the direction transverse to the quantization axis. This provides the means to drive spin flips without the need for an AC magnetic field [27] [28] [29] . Instead, a 40 GHz sinusoidal voltage is applied directly to the magnet. The antenna-like structure creates an AC electric field at the quantum dot, so that the electron wavefunction oscillates spatially within the slanted magnetic field, which drives Rabi oscillations of the qubit 8, 30 . In order to initialize, control and readout the spins, the pulse sequence depicted in Fig. 2a is performed . The amplitude and duration of the driving AC electric field is used to implement various single qubit logical gates. The fidelity of these qubit operations under the decoherence introduced by the environment is probed by a randomized benchmarking protocol 31, 32 . Extended Fig. 2 compares the performance of s-, p-and d-electrons. Single qubit elementary gate fidelities improve from 98.5 % to 99.7 % when the electron occupancy increases from 1 to 5 and 13 electrons. Part of the reason for this improvement is the softening of the quantum dot confinement at higher occupations -the Coulomb repulsion due to electrons in inner shells leads to a shallower confinement, thus reducing charging and orbital energies (Fig. 1d) and ultimately leading to faster Rabi frequencies (Fig. 2b inset) .
Perhaps more interestingly, the improved performance of single qubits at p-and d-levels can also be attributed to a better protection against the environment in multielectron dots. Indeed, early theoretical work indicates that the inner cloud of electrons may act as a protection against decoherence, creating some shielding against electrical noise 14 . A better way to probe the effects of faster gating times and slower decoherence is by observing the Q-factor (Q = T Although Rabi oscillations are present for N = 25 in Fig. 2b , we observed its optimal π-pulse time and T
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to be similar to N = 1. This indicates that higher shell numbers do not necessary benefit qubit operation, as more relaxation hotspots will arise with increased multiplicity of the shell state 18 . One should note that the Dresselhaus spin-orbit coupling, which is dominant in Si, has very distinct impact on each valley state, which could potentially affect the spin-orbit driven EDSR 33, 34 . Since our EDSR approach adopts an inhomogeneous magnetic field induced by a micromagnet, however, we expect that possible suppressions of spin-orbit effect by valley interference are overcome by the field gradient. In other words, the observed improvement of the Rabi oscillations is unlikely to be largely stemming from variations in the valley structure among shells.
Although multielectron quantum dots can be exploited to improve qubit performance, they raise new questions regarding the many-body physics of these dots. One particular concern is that the presence of low-lying excited orbital states may intervene with the spin dynamics. We track the excited states by altering the dot aspect ratio without changing its occupancy 35 , adjusting the G1 and G2 gate voltages parallel to the transition lines in Fig. 1c . Firstly, we measure the resonance frequencies while varying the dot shape, as shown in Fig. 3c . Non-linear Starkshifts are observed for N = 1 (Fig. 3d), 5 (Fig. 3g ) and 13 electrons (Fig. 3j) , where a drop in resonance frequen- cies occurs at certain values of ∆V G1 and ∆V G2 (in the region near the grey lines in Fig. 3d-l , which mark the operation point at which all data is taken, unless specified otherwise). Moreover, for N =5 and 13 electrons, Fig. 3i,l show that the Rabi frequencies of these two configurations are also significantly enhanced at these ∆V G values. These are indications that the quantum dot is coupled to states of different nature at these dot conformations. There are no charge transitions (or visible features in the charge stability diagram), confirming that the ground state configuration is left unchanged. Note that such Rabi frequency enhancement is also observed in N =1 electron configuration, but it is still an order of magnitude lower than 5 and 13 electrons.
The quantum mechanical description of EDSR involves virtual excitations (valley 36 or orbital 37 ). This indicates that the changes observed in Fig. 3 are related to the influence of an upper level approaching the ground state. We confirm this interpretation by measuring the spin relaxation time T 1 through the pulse sequence in Fig. 3b , as shown in Fig. 3e ,h,k. The presence of an excited orbital or valley state nearby the Zeeman excitation generates a hotspot for relaxation, which is in the order of 10 ms, similar to previous literature 18, 38, 39 . We may exploit this control over the spectrum to induce fast relaxation on demand for qubit initialization, operate the qubit where f Rabi is high, and store it in the long T 1 configuration. The power of the EDSR drive did not show significant impact on the observed values of Q factor, contrary to recent observations in depletion mode quantum dot experiments 40 .
Figure 3h also shows an additional relaxation hotspot around ∆V G1 = 0 mV for the d-shell qubit. This is most likely due to the added orbital near degeneracy at the d- shells, which implies more pathways for qubit relaxation. This near-degeneracy could also explain why the 10 and 14 electron configuration have a triplet ground state 24 (see the total spin state in Fig. 1g ). We mention that these higher total spin states are observed to also be coherently drivable, but this exceeds the scope of present work (see Extended Fig. 1c & d) .
The present work experimentally demonstrates that purely spin-based qubits may be implemented in multielectron quantum dots. This could be a desirable feature as long as the shell structure is well preserved, such as in very small SiMOS electrostatic quantum dots. Operation based on EDSR takes advantage of the extended wavefunction to drive the qubit with higher control fidelity and longer distance J coupling between qubits. A multielectron system results in a richer many-body excitation spectrum, which could have higher Rabi frequencies for fast qubit gates and enhanced relaxation rates for quick qubit initialization. We anticipate the possibility of complex two qubit physics, with a possible singlettriplet inversion 24 , mimicking the physics of paramagnetic bonding 41 . This would require a revision of the two qubits gate strategies, as well as the spin-to-charge conversion techniques for qubit read-out. 
